N
egative selection in the thymus is a term describing clonal deletion of T cells that bear high avidity for endogenous peptide-MHC complexes. Because the frequency of antigen (Ag)-specific T cells or their precursors for any given Ag is rare in normal animals, the use of T cell receptor (TCR)-transgenic mice and the use of polyclonal stimuli in non-TCR transgenic animals have been popular for studying thymic negative selection. These in vivo models used either endogenous or exogenous Ag. Examples of the first model include male H-Y-specific TCR transgenic mice (1), MHC Ag-specific TCR transgenic mice (2) , endogenous superantigen (Mls)-selecting strains of mice (3, 4) , and mice transgenic for both TCR and specific Ag (5-7). These in vivo models have been instrumental in our current understanding of negative selection. However, these models cannot be manipulated easily to test, for example, the dose, variant ligands, and exposure time of ligands in the system. Furthermore, the processes of negative selection such as cell activation and cell death are difficult to visualize. Rather, only the end results of negative selection are facilely visualized. Also, as a result of negative selection, functional mature T cells for negative selecting ligands are absent, and thus comparison of the fate of mature cells and immature cells on ligand exposure becomes difficult.
The second type of in vivo models of negative selection is when selecting ligands are exogenous. Delivery of ligands normally is achieved by injecting superantigen or anti-CD3͞TCR Ab into WT mice (8, 9) or Ag into TCR-transgenic mice (7, (10) (11) (12) (13) . The fate of selecting populations exposed to selecting ligands can be more easily determined. Indeed, as the negative selectable cohort of cells remains intact before encountering selecting ligands, cell death caused by negative selection can be visualized easily on the delivery of ligands (7, 10) . It also allows the study of double-positive (DP) cells as well as single-positive (SP) cells (including mature peripheral T cells) in the same system. However, thymocyte deletion in these systems can also be caused nonspecifically by the concomitant widespread activation of the peripheral T cell compartment and subsequent cytokine release (11) , which seriously encumbers the interpretation of many studies of negative selection.
We recently established an anti-CD4 Ab transgenic mouse (GK) that lacks peripheral CD4 cells but retains normal thymic profiles (14) . To study negative selection in the absence of peripheral activation, GK Ab transgenic mice were bred to two types of TCR transgenic mice: OT-II mice (15) and DO11 mice (10) . Negative selection as a cell-autonomous event was investigated in these TCR transgenic mice free of the influence of cytokines made by peripheral activation and of any mature SP cells that migrate back to the thymus. staining in 2% FCS-PBS and washing with PBS, 1 ϫ 10 6 cells were resuspended in binding buffer (10 mM Hepes/NaOH, pH 7.4͞140 mM NaCl͞2.5 mM CaCl 2 ). FITC-annexin V (PharMingen) was added (1 g͞ml final), with or without PI (1 g͞ml). The mixtures were incubated for 10 min in the dark at room temperature and analyzed immediately.
In Vivo BrdUrd Labeling. For evaluating thymocyte turnover, WT and GK mice were given BrdUrd (Sigma) as two i.p. injections of 0.25 mg (4-h interval) and simultaneously in drinking water (1 mg͞ml BrdUrd plus 2% glucose). Cells were evaluated for BrdUrd staining at various times. For BrdUrd ''pulse-chase,'' OT-II͞GK mice were given two i.p. injections of BrdUrd and BrdUrd in drinking water for 3 days (by then the majority of DP and minority of SP thymocytes were labeled). After withdrawal of oral BrdUrd, half of the mice were injected i.p. with 0.5 mg of OVAp daily. Cells were analyzed for surface markers and BrdUrd staining (18) .
Mixed Bone Marrow (BM) Chimeras. Irradiated GK mice (2 doses of 5.5 Gy) were given i.v. 10 7 BM cells each from OT-II mice (ly5.2) and WT B6 mice (ly5.1). Mice were tested for reconstitution after 8 weeks. For experimentation, chimera mice were treated with OVAp as above.
Results and Discussion
Normal Thymocyte Development in GK Mice. GK mice (transgenic for the rat anti-mouse CD4 Ab, GK1.5) completely lacked peripheral CD4 cells. Nevertheless, the GK thymus was unperturbed as shown by a normal distribution of subpopulations (Fig.  1a ) and normal cellularity (Fig. 1b) . Thymocyte turnover in GK mice was also similar to that in WT mice (data not shown). Furthermore, the population of CD69 hi TCR hi DP cells appeared similar between WT and GK mice; HSA expression on SP cells also appeared similar between WT and GK mice (data not shown). To study Ag-induced negative selection that is independent of peripheral activation, we crossed GK mice to two types of TCR transgenic mice: OT-II and DO11 mice whose transgenic TCRs recognize the same OVAp on IAb and IAd, respectively.
In vivo injection of Ab to CD4 and CD8 has been reported to influence CD4 and TCR expression on thymocytes and so influence CD4 T cell development (19) (20) (21) . Hence, it was important to show that the transgenic anti-CD4 Ab in our system had no direct influence on T cell development. In GK mice, small amounts of transgenic anti-CD4 Ab did reach the thymus and bind to cells (Fig. 1c) . However, CD4 expression by thymocytes was indistinguishable between GK and non-GK mice for both non-TCR transgenic as well as TCR transgenic OT-II and DO11 mice (Fig. 1d) . TCR␤ expression on thymocytes of WT mice and transgenic TCR expression (V␤5.1͞5.2) on OT-II thymocytes and clonotypic TCR KJ1-26 on DO11 thymocytes were also not influenced by residual amounts of transgenic Ab (Fig. 1e) .
How Many Cells Die Through Negative Selection?
The number of thymocytes that undergo negative selection in normal animals is unclear (22) . The magnitude of this deletion often varied in different in vivo models of negative selection. In the case of peptide Ag in TCR transgenic mice or anti-CD3 in WT mice, deletion is characterized by the disappearance of immature DP cells. However, much of this deletion may be caused by peripheral T cell activation via tumor necrosis factor and other cytokines (11, 23) . Using GK mice, we could differentiate cell death via intrinsic TCR signaling from death resulting from peripheral effects in OT-II mice. When OT-II mice and OT-II͞GK mice were given OVAp, a striking difference in thymocyte profiles was observed. OT-II mice had reduced cell numbers from 2 days after Ag injection. By day 5, DP cells were reduced 50-fold compared with those of untreated mice (Fig. 2a) . We interpreted the massive DP loss in OT-II mice as the result of Ag-induced peripheral activation. Not surprisingly, the spleen in OT-II mice increased in weight after Ag injection and splenic CD4 cells in OT-II mice increased in cell size and up-regulated their CD44 expression (data not shown). In contrast, DP cells in OT-II͞GK mice were only slightly reduced (e.g., from 49 million to 33 million cells; Fig. 2a ) and deletion occurred mainly in TCR hi DP cells (Fig. 2b) . We argue that without a peripheral CD4 compartment in OT-II͞GK mice this modest depletion of DP cells represents true negative selection.
CD4 SP cells in OT-II͞GK mice reduced gradually in numbers and by day 5 after Ag injection, the population had reduced (Fig. 2a) . By 9 days after daily Ag treatment, there were very few SP cells (Ͻ0.1%). The data suggest that as each cohort of DP cells with substantial levels of TCR is deleted in OT-II͞GK mice, the numbers of their derivative SP cells were thus reduced (even though there was no massive DP cell death). Our conclusion that only a cohort of DP cells is negatively selected is consistent with some early studies (24, 25) .
4-fold
The size of DP cohort that is deleted probably depends on the number of cells with a high enough level of TCR-to-ligand interaction to deliver death signals (reflecting both the density and avidity of the interacting surface molecules). In OT-II͞GK mice, the fraction of DP cells bearing at least moderate levels of TCR was small and so the numbers of cells negatively selected were similar to those found in some endogenous Ag͞TCR transgenic systems (13) . In other endogenous systems (1, 26) , death of DP cells can be very prominent. We surmised that this circumstance could occur without peripheral influence, when the proportion of DP cells expressing substantial TCR levels is large, e.g., DO11 mice (although the TCR levels are still lower than those of SP cells); compare in OT-II mice, only a small proportion of DP cells has medium levels of TCR (Fig. 1e) . Moreover, mature DO11 cells require 10 times less Ag for optimal stimulation than mature OT-II cells (27) , and we would extrapolate that the avidity threshold to stimulate DO11 DP cells would also be less. Indeed, when the DO11͞GK mice were given the same dose of the same peptide, there was a more severe reduction in the DP population (Fig. 2c ) compared to the mild reduction in OT-II͞GK mice (Fig. 2a) . As was found for the OT-II mice, peripheral activation greatly influenced DP cell fate; DP deletion was much greater by day 3 in DO11 compared with DO11͞GK mice (Fig. 2b) .
In GK mice where there is no peripheral influence the number of DP cells that were deleted cell-autonomously by cognate recognition of specific Ag can be clearly revealed. We found that the magnitude depends on the abundance of the DP cohort that has high enough TCR avidity, e.g., this effect is less for OT-II compared with DO11 (27) . It should be noted that the levels of TCR on DP cells in WT mice are similar to those in OT-II mice and considerably less than for DO11 mice when thymocytes from all strains were stained for TCR by using the same pan-TCR␤ Ab H57-597 (data not shown); hence, the size of the cohort that is negatively deleted in OT-II mice may be more representative of normal.
Does Activation Within the Thymus Cause Noncell-Autonomous Deletion?
There was a remote possibility that activation of cells within the thymus may also elicit a bystander effect. To determine whether activation of SP CD4 thymocytes could do this, we constructed mixed BM chimera in GK mice. Thymocytes of mixed chimera mice were uniformly composed of 10% OT-II originated cells (Ly5.1 Ϫ ) and 90% WT originated cells (Ly5.1 ϩ ). In reconstituted GK mice, OVAp-induced reduction of DP cells occurred only for OT-II-derived cells (from 3.9 Ϯ 0.6 to 2.2 Ϯ 0.5 ϫ 10 6 by 5 days after peptide injection) but not for WT DP cells (Fig. 2d) . Likewise, numbers of OT-II-derived SP cells in these double BM-reconstituted GK mice were reduced on Ag exposure (from 1.4 Ϯ 0.2 to 0.1 Ϯ 0.1 million) after 5 days of Ag treatment, whereas numbers of CD4 SP cells of WT origin was not significantly reduced by Ag treatment. These findings confirm that the Ag-induced deletion in GK mice is a TCR-mediated intrinsic event, and that in contrast to peripheral activation, activation of SP thymocytes does not induce massive death of bystander cells.
Which Cells Die Through Negative Selection? Negative selection has been described to occur at various stages of thymic development: throughout (28), at the SP stage (9), or most commonly at the DP stage (1, 7, (10) (11) (12) (13) 26) . There are at least three explanations for these conflicting conclusions: (i) the variation in TCR density and synapse avidity in the system used, (ii) peripheral activation not taken into account in many of these systems (therefore not solely looking at cell-autonomous events), and (iii) reduction of SP cell numbers as a consequence of death of DP precursors.
We have already discussed the first two possibilities but wanted to address the third further, especially given the Sprent laboratory's findings that thymocyte deletion by anti-TCR Ab was shown to occur in HSA high ''semimature'' CD4 SP cells (9) such that by day 1 this population was 50% reduced. Using two anti-HSA Abs, J11D as used in the original report (9) and M1͞69 (29), we could not delineate two distinct populations in the SP CD4 compartment in our TCR transgenic mice (OT-II, OT-II͞GK, DO11, and DO11͞ GK) although peptide exposure did result in overall reduction in HSA on CD4 SP cells (Fig. 3a and data not shown) .
To distinguish between DP deletion resulting in subsequent reduction of SP cells, or direct SP deletion during the negative selection process, we identified newly derived SP cells from the existing pool, by using an in vivo BrdUrd pulse-chase technique. OT-II͞GK mice were given BrdUrd i.p. at day Ϫ3 and orally on days Ϫ3 to 0. Like others (30), we have found that it takes 3 days of labeling before SP cells are BrdUrd-positive (consistent with the 3 days required for DP cells to mature into SP cells) (24, 30) . By day 0, the majority of DP cells (Ͼ95%) were labeled (data not shown). After BrdUrd withdrawal at day 0, mice were i.p.-injected daily with 1 mg OVAp and cells were analyzed at 1-2 days after peptide treatment. In untreated mice, BrdUrd ϩ CD4 SP cells (representing newly derived SP from BrdUrd ϩ DP cells) gradually appeared so that by day 2 36% (3.3 Ϯ 1.1 ϫ 10 6 ) were BrdUrd ϩ (Fig. 3b) . Peptide treatment for 2 days reduced BrdUrd ϩ SP cells dramatically to 7% (0.6 Ϯ 0.5 ϫ 10 6 ). In contrast, the total number of BrdUrd reduction was more prominent in the newly derived SP cells rather than in the existing SP pool. To test whether reduction in newly derived (BrdUrd ϩ ) SP cells was caused by direct deletion at the SP cell stage, BrdUrd-pulsed (between day Ϫ3 and day 0) mice were untreated, given peptide once on day 2, or given peptide each day on days 0-2 (Fig. 3c) . All mice were analyzed on day 3. Whereas there was only minor reduction in BrdUrd ϩ CD4 SP cell numbers after 24 h (from 37% to 30%; Fig. 3b ), 3 days of Ag exposure reduced BrdUrd ϩ SP cells dramatically (from 37% to 6%). We argue that the reason it takes Ͼ1 day (compare death within 1 day in DP cells) to see significant reduction in newly derived SP numbers is that this is the time required to see the effect of eliminating the cohort of DP precursors and that the bulk of newly derived BrdUrd ϩ SP cells are not sensitive to Ag-induced cell death.
To confirm that Ag-induced death occurs primarily in the DP stage, we directly detected in vivo apoptosis by annexin V staining (excluding PI hi cells). In OT-II͞GK mice, there was increased annexin V staining in DP cells (about double) but no change in SP cells 24 h after Ag injection (Fig. 4a) . As expected from the larger population of DP cells that expressed TCR, apoptosis of DP cells was even more prominent in DO11͞GK mice (Fig. 4b) . Cell death in DO11͞GK mice was readily detectable within 6 h after Ag injection (data not shown). Although annexin does detect dying cells very early, a caveat to our findings is that a proportion of dying cells may have already been engulfed by macrophages or other cells and hence rendered undetectable.
If reduction of SP cells was caused by death of the immediate DP precursors, more pronounced depletion of CD4 SP cells should have been observed in mice where the DP cell death was more severe. This effect is clearly evident for both DO11 and DO11͞GK mice. Although this effect is less clear for OT-II mice, we think this result is partly because the deletion in DP is far less dramatic and so one would expect less depletion in the SP cells. Moreover, with the lower cell numbers involved in the OT-II mice, it becomes difficult to make comparisons between OT-II and OT-II͞GK mice as the contribution of SP from the migration of activated peripheral CD4 cells into the thymus may now become proportionately substantial in OT-II mice. This complication of the thymocyte profile does not happen in GK mice, because there are no peripheral CD4 T cells. Thus, the combined findings support our tenet that negative selection occurs mainly at the DP cell stage.
How Do Thymocytes Die Through Negative Selection? Activationinduced cell death has been ascribed to both negative selection and death of activated peripheral T cells (31, 32) . However, the two follow different kinetics. Death of DP cells occurs very early after encountering Ag or anti-CD3͞TCR Ab (by day 1) whereas death of mature T cells was much delayed (3-5 days), usually after proliferation (12, 33, 34) . Only under very restricted conditions, can TCR engagement render mature naïve T cells to die early (35) . In our models without peripheral CD4 cells, death of a DP cohort but not SP cells occurred within a few hours after Ag injection. It raises the question of why the fate of DP cells differs from SP cells? We propose that the signal quality may be different between immature and mature T cells.
Several in vitro studies have indicated that DP cells become activated by ligation of TCR during negative selection. Apoptotic DP cells were found to increase their TCR and CD69 expression in an in vitro system, with or without TCR ligation (9, 36) . Subsequently, Ag was found to induce CD69 up-regulation by TCR transgenic DP thymocytes in vitro (22) . We wanted to investigate cell-autonomous activation in vivo by looking early after Ag injection (before the cells were deleted). In OT-II͞GK as well as OT-II mice, CD69 and CD44 were up-regulated in SP CD4 cells within a few hours after Ag injection (data not shown). However, there was no appreciable increase in CD69 and CD44 expression on DP cells. This result may in part be biased by the small TCR ϩ DP population in the OT-II system. Therefore we looked in DO11͞GK mice. Like in the OT-II system, the CD69 up-regulation on DP cells in DO11͞GK mice was also not as marked as on SP cells (Fig. 5a) , and expression of CD44 was up-regulated on SP cells but not on DP cells (Fig. 5a ) in DO11͞GK mice after Ag injection. The same pattern was observed in DO11 mice without GK transgene (data not shown).
Subsequently, DO11 mice were used to study the kinetic change of activation marker, cell size, and TCR expression of thymocyte subsets. By CD69 and CD44 phenotyping, the level of activation of DP cells would seem to be less than that of SP cells. This effect was highlighted by the lack of increase in cell size in DP cells after peptide injection, whereas SP cells uniformly increased in size by 16 h (Fig. 5b) . Despite CD69 up-regulation, DP cells did not increase in cell size between 2 and 16 h after peptide injection. To determine how activation was linked to cell death, we compared annexin V staining as a marker of early apoptosis and CD69 expression at 2 and 16 h after peptide injection. As expected, at 16 h the majority of dying (annexin V high ) cells were found in the DP compartment (Fig. 5c) . However, only a modest proportion (20%) of annexin V high (dying) DP cells had increased levels of CD69, whereas 100% of annexin V high SP cells had very high levels of CD69 (Fig. 5c ) at 2 or 16 h after peptide injection.
We conclude that the selective death of DP cells is not necessarily associated with classical signs of activation: there is no up-regulation of CD44, the majority of dying DP cells do not have up-regulated CD69, and there is no increase in cell size. With respect to activation status, SP cells would seem to receive a stronger signal than DP cells and yet the former are not deleted per se. Therefore, this result seems to argue against any simplistic proposition that negative selection is solely caused by ''too strong a signal.'' We favor the view that as well as TCR avidity some intrinsic property of that stage of thymocytes also determined their fate.
TCR density on DP cells is usually lower than on SP cells. The difference in TCR density͞avidity might somewhat decide cell fate (37) (38) (39) (40) . However, it is hard to differentiate whether the differences in sensitivity͞activation between DP cells and SP cells are caused by TCR density͞avidity effects or intrinsic effects. For example, TCR͞CD28 engagement on DP cells did not induce lipid raft polarization (41) and CD3 molecules of negative selecting DP cells did not form a stable central aggregation that is associated with activation of mature T cells (42) ; in both of these cases, TCR or intrinsic effects cannot be differentiated. However, there are some studies that shed light on events independent of TCR density͞avidity. Mature CD4 cells whose available TCR numbers have been reduced (by monovalent Ab blockade) to below the levels of mature DP cells still proliferated perfectly in response to cognate peptide (40) . In another way of looking at intrinsic properties independent of TCR, one study (43) showed that NF-AT binding activity was not induced in response to phorbol myristate acetate͞lonomycin (or Ag) in DP cells, whereas it was induced in SP cells.
From the above, we opine that negative selecting populations (primarily DP) have a low capacity to undergo full activation compared with mature cells. This abortive activation may selectively direct the response to a death pathway. Comparison of the different behaviors of DP cells and SP cells induced by agonists may aid to dissect negative selection processes.
